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Figure 1. Structure of cucurbit[8]uril (Q8).

Introduction
Synthetic compounds that recognize predetermined peptide sequences in aqueous solution with high affinity and selectivity would be useful in basic biochemical research, in the separation of protein mixtures, and possibly in the diagnosis and treatment of human diseases. 1 Despite significant progress in the design of such compounds, 2, 3 and in the development of pattern-based peptide recognition, 4 few synthetic hosts have been shown to bind peptides with binary equilibrium association constants in excess of 10 4 M -1 or with sequence selectivity >100-fold in purely aqueous solution; these characteristics would facilitate use at low concentrations, in complex mixtures, and in biochemically relevant environments. Moreover, there is significant interest in developing chemical inducers of dimerization (CIDs) for the study of signal transduction and other biological processes. 5 CIDs are low molecular weight compounds that bind simultaneously to two target molecules. A general strategy for designing CIDs targeted to any molecule of interest would allow the study of a broad range of dimermediated biochemical processes. Here we show that the synthetic host compound, cucurbit [8] uril (Q8, Figure 1 ), can act as a selective receptor and CID for N-terminal aromatic peptides.
Q8 is the eight-membered homologue of the cucurbit[n]uril (Qn) family of glycoluril-based macrocycles. 6, 7 The Qn's are water-soluble, donut-shaped compounds with a hydrophobic cavity that is accessible via two constricted, carbonyl-fringed portals. Qn's bind cationic guests in aqueous solution with equilibrium association constants in the range of 10 2 -10 12 M -1 . 8 Binding is driven by ion-dipole interactions between the guest molecule(s) and the carbonyl groups on the Q8 portals, and by the inclusion of hydrophobic groups inside the cavity.
The supramolecular chemistry and potential applications of the Qn family have been greatly advanced by the discovery of homologues containing different numbers of glycoluril units (n = 5, 7, 8, and 10), 7, 9 and by the development of methods for their synthesis 10, 11 and functionalization 12 and for making derivatives 13 and analogues. 14 While Q6 binds well to small alkylamines, 8 the larger cavity of Q7 accommodates larger guests, 15 and, importantly, Q8 and Q10 can bind multiple guests simultaneously. 2, 9, 16 For example, Q8 binds to one (and only one) equivalent of dicationic methyl viologen (MV), and the Q8•MV complex can then bind to one equivalent of a second aromatic guest, such as 2,6-dihydroxynaphthalene, 16a dopamine, 7 and the aromatic amino acids tryptophan, phenylalanine, and tyrosine. 2, 7 We studied the effects of electrostatic charge on the binding of Q8•MV to tryptophan and found that the positively charged ammonium group was important for binding. This led to the discovery that Q8•MV can discriminate N-terminal from C-terminal and internal Trp residues on the basis of electrostatic charge. 2 From these results, we hypothesized that Q8 should bind two equivalents of a peptide containing N-terminal Trp in the absence of MV. In other words, Q8 should not only recognize N-terminal aromatic peptides, but also noncovalently dimerize them.
Here, we examine the potential for Q8 to recognize and dimerize aromatic peptides. The peptides studied were of sequence X-Gly-Gly, Gly-X-Gly, and Gly-Gly-X (X = Trp, Phe, Tyr, and His) (Figure 2 ). Using isothermal titration calorimetry, we found that Q8 binds to Trp-Gly-Gly (1) and Phe-Gly-Gly (4) in a 2:1 (peptide:Q8) stoichiometry and with ternary equilibrium association constants (Kter) in the range 10 9 -10 11 M -2 . None of the other ten compounds showed measurable binding affinities. This result, to the best of our knowledge, demonstrates unprecedented peptide sequence selectivity by a synthetic host in aqueous solution. Binding studies and crystal structures are presented to explain the mechanism of binding and sequence selection. 
Results and Discussion
Sequence Selectivity. We had previously demonstrated that the Q8•MV complex could discriminate between sequence isomers 1, 2, and 3. 2 It was therefore important for the study at hand to consider not only the type but also the placement of aromatic residues. 17 The series of tripeptides shown in Figure 2 places each of the four aromatic amino acids at N-terminal, internal, and C-terminal positions of unprotected tripeptides, with Gly residues at the other two positions in each peptide. 18 The binding of Q8 to peptides 1 -12 was followed by isothermal titration calorimetry (ITC) (27 ºC, 10 mM sodium phosphate, pH 7.0). Surprisingly, binding constants were measurable only for TrpGly-Gly (1) and Phe-Gly-Gly (4) (Figure 3 ), indicating that equilibrium association constants for the other 10 peptides were <10 2 M -1 for a single binding event (see supporting information). The stoichiometry of binding for peptides 1 and 4 was 2:1 (peptide:Q8). This finding, in itself, shows that Q8 is highly selective not only for Trp-and Phe-containing peptides, but also for the placement of these residues at the N-terminal position.
These results are consistent with prior work on the recognition of N-terminal Trp by the Q8•MV complex, 2 where recognition was dependent on the N-terminal positive charge. In that study Q8•MV bound to Gly-Trp-Gly (2) and Gly-Gly-Trp (3) with measurable, albeit low, affinities. In the current study, however, we are unable to measure the binding of Q8 to compounds 2 or 3. This result demonstrates that Q8 is substantially more sequence selective in the absence of MV. from modeling, and from prior work on Q8 complexes 2,9,16 that two indole groups should fit inside the cavity of Q8, stacked face-to-face. To test for dimerization of peptides in the absence of Q8, we titrated compounds 1 and 4 into 10 mM phosphate buffer (pH 7.0) by ITC over the range 1-1000 M, and by 1 H NMR over the range 0.1-10 mM and found no measurable binding; this result indicates that the peptides do not dimerize when free in solution under the conditions of our binding experiments (data not shown).
These observations and arguments, as a whole, support a model in which (i) both peptides 1 and 4 can bind as 1:1 and 2:1 (peptide:Q8) complexes, and (ii) the presence of the first bound peptide influences the binding of the second. It is therefore most appropriate to treat the model of binding as stepwise:
In a stepwise binding model, it is important to consider the nature of cooperativity-that is, whether the second stepwise equilibrium association constant (Ks2, Eq. 2) is greater than (positively cooperative), less than (negatively cooperative), or similar to (non-cooperative) the first stepwise equilibrium association constant (Ks1, Eq. 1). We obtained 1 complex. Based on these assignments, the 2:1 complex is the only observable species in the 2:1 stoichiometric mixture, and is a significant species in the 1:1 mixture. At the concentrations used in these NMR experiments, the ternary equilibrium constant obtained from ITC experiments (1.5 × 10 11 M -2 , discussed below) was used to calculate the possible distributions of 1:1 and 2:1 complexes in the 1:1 and 2:1 stoichiometric mixtures over a range of stepwise association constants. This simple analysis reveals that a significant quantity (>5 %) of 2:1 complex can only be present (as observed) in the 1:1 stoichiometric mixture if binding is positively cooperative.
The ITC data for compounds 1 and 4 were fit to the "sequential binding" model using Origin 7.0 software, and it was observed that this model provides an excellent fit to the negatively or noncooperative binding isotherm of peptide 1, but a less satisfactory fit to the positively cooperative binding 8 isotherm 19 of peptide 4 (as expected 20 The determination of stepwise thermodynamic constants for the formation of Q8•42 is more problematic because there is insufficient data to define the first binding transition, and thus a wider range of values for the two binding constants can produce similar quality fits. This problem was described in detail by Tochrtrop, Cistola, and coworkers, 20 who performed a Bayesian analysis of positively cooperative ITC data sets and found that a range of stepwise constants satisfied the stepwise binding model. An interesting and perhaps overlooked result of their analysis is that while the values of the pairs of stepwise binding constants in each fit varied significantly, the product of each pair of constants, i.e., the overall ternary equilibrium association constant, Kter (Eq. 3), hardly varied.
Therefore, we report the ternary equilibrium association constant, Kter (1.5 (±0.2)  10 11 M -2 ) for the formation of Q8•42 (Table 2) as derived from the product of the (less accurate) stepwise binding constants obtained from Origin 7.0. To further probe the validity of this approach, we also derived the value of Kter from the ITC data by treating the cumulative heat at each step of the titration as a fraction of the total enthalpy of formation of the ternary complex, and assuming that this fractional enthalpy is equivalent to the mole fraction of ternary complex formed (see supporting information); this assumption is acceptable in a positively cooperative system under conditions in which the experimental concentrations are in excess of Ks1 -1 and Ks2 -1 . The resulting value of Kter (1.5 (±0.2)  10 11 M -2 ) was equivalent to that obtained using the stepwise model using Origin 7.0 software. We did not expect Q8 to be selective for Phe-over Trp-based peptides. Trp has a larger hydrophobic surface area, and prior work from our group has shown that tryptophan binds with higher affinity than phenylalanine to the Q8•MV complex. 2 Here we observe that Kter for the formation of Q8•42 (1.5  10 11 M -2 ) is greater than that for Q8•12 (3.6  10 9 M -2 ) by ~40-fold. Both ternary complexes form in a process that is enthalpically driven and entropically unfavorable. The formation of Q8•42 is more enthalpically favorable than Q8•12 by ~7 kcal/mol, yet more entropically unfavorable by ~4.5 kcal/mol. Based on the nature of cooperativity in this system, this enthalpy/entropy compensation is likely due to a greater degree of electrostatic attraction between the two ligands in the binding cavity of Q8 (more exothermic), at the entropic cost of reduced mobility. 22 Further interpretation of these results is facilitated by high-resolution structural analysis, as described below.
X-ray Crystallography. To further probe the nature of binding and selectivity in this system, we obtained crystal structures of Q8•1 and Q8•42 at 0.92 Å and 0.95 Å resolution, respectively (see supporting information). We were particularly interested in understanding the nature of the exquisite selectivity observed in this system, not only for Phe-and Trp-containing peptides, but also for their location at the N-terminal position. It was also hoped that the structures would shed light on the nature of cooperativity (positive and negative) observed for the complexes of 4 and 1, respectively.
Structure of Q8•1.
The crystal structure of the 1:1 Q8•1 complex is shown in Figure 5 . The indole side chain is bound entirely within the Q8 cavity, with the long axis of the indole parallel to the equatorial cross-section of Q8 and the short axis of the indole tilted at ~40º from this cross section. The Q8 molecule is distorted from an "ideal" D8h symmetry to an elliptical shape with a major axis that is ~16% longer than the minor axis. This distortion sterically accommodates the sideways inclusion of the indole group. The backbone of the Trp residue and the central Gly residue folds onto the indole group, almost straight across the Q8 cavity. This folding is likely induced to maximize intramolecular van der Waals interactions in the peptide and to fill a portion of the Q8 cavity, while excluding solvent.
There are several key intermolecular interactions that shed light on the binding data (Figure 5b ).
Foremost among these are the ion-dipole interactions between the N-terminal nitrogen of 1 and the three proximal carbonyl oxygens of Q8 (N-O distances in the range 2.8-3.1 Å). The chelating of three carbonyl groups to one ammonium group likely provides significant driving force for binding. We believe that these ion-dipole interactions are of primary importance in the sequence selectivity of Q8 for N-terminal peptide 1 over internal and C-terminal peptides 2 and 3. Prior work 2 has shown that the sequence selectivity of the Q8•MV complex for 1 over 2 and 3 was due to the presence of a positive charge proximal to the indole group. This structure supports that hypothesis. Moreover, the hydrogens projecting from the N-terminal nitrogen are well positioned to form hydrogen bonds to the carbonyl oxygens, which would further stabilize the complex.
Several additional interactions were observed (Figure 5b excellent host for binding peptides: the peptide tail can adopt a conformation that places each NH group in register with an accepting carbonyl of Q8. These interactions also help to explain the previously observed increase in affinity Q8•MV for Trp-Gly-Gly as compared to monomeric tryptophan derivatives. 2 An interesting feature of the structure of Q8•1 is the relatively empty space in the cavity of Q8 distal to the peptide chain, due to the presence of only one bound aromatic group. In the crystal, this space is filled by the inclusion of a portion of Q8 from an adjacent Q8•1 complex, thus excluding solvent (Figure 6a ). In this inter-complex inclusion interaction, the indole ring of one complex is stacked on top of a Q8 urea group of another complex (avg. distance 3.5 Å; dihedral angle between indole plane and urea plane ~26°). Although this is not a traditional pi-stacking interaction, the local dipole moments of the indole group and the proximal urea group are aligned for favorable electrostatic attraction. This interaction is sufficiently strong to generate helical arrays in the crystal that propagate with a 4-fold screw helical axis of symmetry. Each helical array binds to its neighbor via dipole-dipole interactions between the Q8 and central Gly carbonyl groups of one Q8•1 complex and the positive electrostatic potential on the equator of Q8 on an adjacent helical array (Figure 6b ). The assembly of helical arrays creates large solvent channels (~1.5 nm dia.) in the crystal (Figure 6c ).
Structure of Q8•42.
The crystal structure of Q8•42 is shown in Figure 7 . The structure, which is approximately C2-symmetric, shows the two peptides bound through opposite portals of the Q8, with their phenyl groups engaged in a slipped pi-pi stacking interaction in the center of the binding cavity and making extensive van der Waals contacts. The phenyl rings are separated at an average distance of 3.5 Å with a lateral offset of ~1 Å, and the C1-C4 axes are offset by an angle of ~140°. This ligand-ligand interaction is presumably the cause for positive cooperativity in this complex. Each phenyl ring is also in close contact with two urea groups of Q8 (average distance ~4Å). The Q8 ring is distorted to a small extent from "circular", although to a lesser extent than for Q8•1. The Gly-Gly tails extend out of the cavity and coil around each portal of Q8. No ordered water is observed inside the cavity of Q8.
14 There are several important host-guest interactions (Figure 7b) . As in the Q8•1 complex, there are ion-dipole interactions between the N-terminal ammonium group of each peptide and the proximal carbonyl oxygens of Q8, but in this case, only two carbonyls chelate each ammonium (N-O distances 2.9-3.0 Å). In contrast to the Q8•1 structure, the N-terminal nitrogens in the structure of Q8•42 are not oriented in a manner that facilitates hydrogen bonding.
In this structure there are also dipole-dipole interactions between each amide NH group and the proximal carbonyl oxygen of Q8 (distances 2.7-2.9 Å). As in the structure of Q8•1, these interactions demonstrate good alignment in register between amide NH groups and Q8 carbonyls.
The lack of available space in the Q8 cavity of Q8•42 does not allow for the type of intercomplex and, thus, crystal packing interactions observed for Q8•1. Consequently, the packing of complexes in the Q8•42 crystal structure is fundamentally different. The positive electrostatic potential on the equatorial rim of each Q8 interacts with the Q8 carbonyl groups on an adjacent complex, forming a serrated packing pattern (see supporting information).
Recognition and Cooperativity. The crystal structures show the expected result that binding is driven by the inclusion of hydrophobic aromatic side chains into the cavity of Q8 and by ion-dipole interactions between the guest and the host, similar to many cucurbit[n]uril-guest complexes. 6 What is interesting here is that all twelve peptides studied have an aromatic side chain and an N-terminal ammonium group, but Q8 binds only to 1 and 4. We explain this result in terms of the hydrophobicity of the side chain and its proximity to the N-terminal ammonium group. Trp and Phe are more hydrophobic than the other aromatic residues. We observed previously that Q8•MV prefers to bind the amino acids with a trend in binding affinity of Trp > Phe > Tyr > His, and because Tyr is a better electron donor than Phe (and should therefore bind with greater stability in a charge transfer complex with methyl viologen) we reasoned that the observed trend in binding affinity is likely based on hydrophobicity. 2 In the current study, Q8 similarly prefers Trp and Phe to the other two aromatic 15 residues. Sequence-specific recognition is most likely the result of close proximity between the aromatic group and the N-terminal ammonium group, where inclusion of an N-terminal aromatic side chain forces the proximal ammonium group (which is otherwise well solvated in water) into close proximity to Q8, thus promoting chelation by the carbonyl groups to stabilize the complex. The fact that binding is only observable for peptides 1 and 4 indicates that both interactions-the inclusion of the hydrophobic side chain and the ion-dipole contacts-contribute substantially to complex stability.
The crystal structure of Q8•42 reveals close interaction between the two phenyl groups of 4. This interaction likely provides additional enthalpic stability in the binding of the second equivalent of 4, and is presumably the basis for the positive cooperativity observed in this system. This explanation is also consistent with the thermodynamic data in Table 2 , where the binding of 4 is more enthalpically favorable than that of 1.
Conclusions
Q8 selectively recognizes and dimerizes the aromatic tripeptides Trp-Gly-Gly (1) and Phe-GlyGly (4) with high affinity in aqueous solution. The former binds with negative or non-cooperativity and the latter with positive cooperativity. Crystal structures of Q8•1 and Q8•42 reveal the structural basis for selective recognition as the inclusion of the hydrophobic aromatic side chain and chelation of the proximal N-terminal ammonium group by carbonyl oxygens on Q8. The structures also show ordered interactions of the adjacent peptide residues, providing an aid for the discovery of better-binding peptides. This work presents an example of a synthetic host that can bind with high affinity to peptides in aqueous solution. Moreover, the extent of sequence selective recognition and positively cooperative dimerization of peptides reported here are, to the best of our knowledge, unprecedented for synthetic hosts in aqueous solution. Such hosts should be useful in studying dimer-mediated biochemical processes, in the separation of protein mixtures, or as generic agents for the noncovalent dimerization of Phe-modified compounds.
Experimental Details
Materials. The following commercial reagents of analytical or higher purity grade were used without further purification: deuterium oxide (Cambridge Isotope Laboratories); H-Trp-Gly-Gly-OH (WGG, 1), H-Gly-Trp-Gly-OH (GWG, 2), H-Gly-Gly-Trp-OH (GGW, 3) , H-Tyr-Gly-Gly-OH (YGG, 7) , and H-Gly-Gly-Tyr (GGY, 9) (Bachem); H-Gly-Tyr-Gly-OH (GYG, 8) , H-Phe-Gly-Gly-OH (FGG, 4) , H-Gly-Phe-Gly-OH (GFG, 5), H-Gly-Gly-Phe-OH (GGF, 6), H-His-Gly-Gly-OH (HGG, 10), H-Gly-His-Gly-OH (GHG, 11) , and H-Gly-Gly-His-OH (GGH, 12) (Chem-Impex International); sodium phosphate (mono and dibasic) (Sigma); and cucurbit[8]uril (Q8) was synthesized by the group of Dr. Anthony Day (University of New South Wales, Australia) and purchased from Unisearch. Water was obtained from a Barnstead Nanopure Infinity water system (18 M cm).
A stock solution of 1.0 M sodium phosphate buffer was adjusted to pH 7.0 and sterile filtered.
The pH was checked periodically. With the exception of the NMR experiments, which were run in deuterium oxide, all binding experiments were carried out in 10 mM phosphate buffer, which was made as needed by diluting the 1.0 M stock. Fresh analyte solutions were prepared every couple of days and were thoroughly dissolved by heating at 60 C. All analytes were massed to ±0.02 mg with an accuracy of at least three significant digits. The purities of Q8, FGG, and WGG were determined by 1 H NMR using anhydrous tert-butyl alcohol as reference.
Isothermal Titration Calorimetry (ITC).
Titration experiments were carried out in 10 mM sodium phosphate buffer (pH 7.0) at 27 C on a VP-ITC calorimeter from Microcal, Inc.
(http://www.microcalorimetry.com). In a typical experiment, Q8 was in the sample cell at a concentration of 0.05-0.1 mM, and peptide was in the injection syringe at a concentration of 0.5-2 mM.
The titration schedule consisted of 29 or 57 consecutive injections of 2-10 L with at least a 200 s interval between injections. Heats of dilution, measured by titrating beyond saturation, were subtracted from each data set. All solutions were degassed prior to titration. The data were analyzed using Origin 7.0 software. Synchrotron data were collected at the Advanced Light Source beamlines 5.0.2 and 4.2.2 for Q8•42 and Q8•1, respectively, using ADSC and Westbrook CCD detectors. Diffraction data were integrated and scaled using HKL-2000. 24 The ab initio determination of both crystal structures was performed using Sir2004. 25 Manual adjustments including addition of solvent molecules were made to the models superimposed on electron density maps using COOT, 26 and computational least-squares refinement was completed using SHELXL. 27 Non-hydrogen atoms were refined anisotropically, and riding hydrogens were added in the final stages of refinement.
